The slug, A vion ater, a t all tim es, and th e snail, H elix pom atia, w hen fully extended, m ain ta in a body tem p eratu re well below th a t of th e surrounding air unless it is fully satu rated , an d slightly, if a t all, above th a t of th e w et-bulb therm om eter. B y w ithdraw al into th e m icroclim ate of th e shell th e snail can appreciably reduce loss of w ater b y evaporation; and in such circum stances its body tem p eratu re tallies m ore nearly w ith th a t of th e su r rounding atm osphere. A fter th e form ation of th e epiphragm th e body tem p eratu re o f H . pom atia is identical w ith th a t of th e atm osphere outside an d varies accordingly. Since th e slime of th e slug loses w ater in air unless th e n . H . is very near sa tu ra tio n p o in t th e w ate r binding power of th e m ucus is n o t an effective check to loss of w ater b y evaporation. The b ody tem perature of an earthw orm after relatively short periods of exposure to fairly d ry air diverges increasingly from th e w et-bulb reading. This appears to be due to rap id desicca tion of th e surface. Since th e upper therm al death-poin t of th e earthw orm is relatively low, th is m eans th a t earthw orm s are n o t ad a p te d to long survival a t ground level in sunlight. To th is ex ten t th eir equipm ent for m aintaining body tem p eratu re below th e danger p o in t accords bo th w ith th eir habits, and w ith w h at views m ay plausibly be en tertain ed ab o u t th e ir ancestry.
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I n t r o d u c t i o n
W ith reference to the relation between body tem perature and th a t of the external medium it has been custom ary to distinguish between two categories of animals. Homoiothermous animals with a high metabolic rate and a relatively uniform body tem perature, usually higher than th a t of their surroundings, include only m am mals and birds. Poikilothermous animals include all others. Such a broad dis tinction takes no account of the complexity of the obstacles which animals had to surm ount when they invaded land, nor of the diverse ways in which the body tem perature of animals varies with th a t of the environment. W ith the exception of secondarily aquatic mammals such as whales, it is generally true th a t the body tem perature of animals resident in water, and normally submerged therein, differs b u t slightly from th a t of the w ater itself and varies accordingly. I t is not gener ally true th a t the body tem perature of cold-blooded terrestrial animals tallies closely w ith th a t of the air around them . Indeed, one would scarcely expect this to be so, if due consideration is given to the various circumstances which m ust have accompanied the emergence of a land fauna or to the several routes by which animals invaded land in past ages.
W hen one does so, one has to reckon with the fact th a t prim itively aquatic animals live in a medium of high therm al capacity, and hence are subject to a relatively narrow range of external tem perature. Its upper and lower limits are respectively far below those of air a t ground level during intense sunlight and far above it during periods of extreme cold. Accordingly, it is not surprising th a t Vol. 132. B.
[ 239 ] 17
the upper therm al death-points of most marine animals are well below air tem perature during a summer day in a tem perate climate. Thus the emergence of animal life to land in the littoral zone offers a choice between two ways of solving a dilemma which arises so soon as animals expose themselves to direct solar radia tion in the intertidal zone. One is to m aintain the tem perature of the body a t a level sufficiently below the lethal lim it by evaporation from the surface. A lter natively, selection m ay favour stocks which have a high therm al death-point. Such creatures could dispense w ith the w ater permeability of the skin charac teristic of primitively aquatic stocks, and would therefore be better fitted to pene tra te dry land w ithout restrictions imposed by obligatory continuous loss of w ater reserves. The dispersion of the former would be limited by circumstances which ensure either access to w ater to make good loss by evaporation or relatively pro tected situations such as those which animals of cryptozoic habit have chosen.
Invasion of land by way of rivers offers a more complicated choice. The tem perature of quickly running streams is relatively low and constant, like th a t of the sea ; and the vegetation of the banks may ensure a certain measure of protection against the full effects of solar radiation in air to the as yet amphibious invader of the surrounding lahd. Contrariwise, the tem perature of backwaters, swamps and trib u tary lakes is subject to much greater extremes of variation th an the sea. Invasion of land from the margin of fresh water, other th an rapid streams, there fore calls for preliminary adjustm ent of the tissues to work in equilibrium w ith a tem perature above the level which is lethal for most marine animals.
Thus, it is not surprising th a t recent research has shown the existence of a t least three fairly clear-cut types of relationship between body and external tem perature among so-called poikilothermous anim als: (a) aquatic animals whose tem perature tallies closely with th a t of the w ater; (6) terrestrial or amphibious animals'which can m aintain a body tem perature far below th a t of the surrounding air by constant w ater loss; (c) terrestrial animals which are able both to conserve w ater and to equilibrate to extremes of tem perature far beyond the limits of the capabilities of marine organisms in general. Among terrestrial vertebrates, Anura are typical examples of (6) and Ophidia of (c), to which specification some insects also conform. A comprehensive picture of the tem perature relations of either cold blooded terrestrial vertebrates or of insects is not yet available; and next to nothing is known about the tem perature regulation either of arthropods other th an insects or of terrestrial molluscs.
From this viewpoint, nothing is as yet known about the oligochaetes, and none of the preceding remarks are necessarily relevant to the circumstances which have shaped their type of adjustm ent. Terrestrial annelids are all burrowing species, as are m any of the annelids of the littoral zone. So the conquest of the land by the Oligochaeta m ay well have kjome about in a way peculiar to the group, involving no circumstances which exposed the animal to dangers of either overheating or desiccation. There is a prim a facie likelihood th a t they were burrowing animals before they ceased to be aquatic in common parlance. W hether they penetrated inland from sandy beaches or from the mud of estuaries and rivers, their invasion of the soil would therefore entail no sharp break w ith a former mode of existence.
The object of this communication is to explore the nature of the relation between body tem perature and th a t of the air among (a) terrestrial annelids, (6) the m ost successful terrestrial assemblage of the molluscan phylum, th a t is to say the Pulm onata. From the latter we have chosen two types, one being shell-less, the black slug Arion ater, and the other being the edible snail, Helix pomatia (obtained fr dealers).
We have been unable to trace any up-to-date studies on the relation of the tem perature of the body of pulmonates to th a t of their surroundings. The most recent available reference on oligochaetes, th a t of Rogers & Lewis (1914), illustrates w hat was then prevalent teaching about poikilotherms in general, and indeed w hat continued to be current doctrine for a t least two decades thereafter. The title of the publication cited is itself eloquent. The authors describe their inquiries as an investigation into ' the relation of the body tem perature of the earthworm to th a t of its environm ent'. W hat they actually record is the tem perature a t which the body of the earthworm equilibrates when transferred from its normal environm ent to w ater of a given tem perature, and fully immersed therein. T h at they do not in fact record how the tem perature of the earthworm varies in its own environm ent emphasizes how generally biologists have been disposed to assume th a t terrestrial poikilotherms behave like aquatic ones, and how little attention has been paid to the relevance of relatively high or low permeability to w ater of the skin of land animals as a circumstance affecting adjustm ent of body tem perature to the tem perature of the surrounding air.
. T h e r m a l d e a t h -p o i n t
A relevant issue which should be kept in the forefront of any investigation of this kind is the range of tem peratures consistent w ith survival of the species under investigation. To assign a meaning to the upper therm al death-point of any organism it is necessary to be explicit about two issues: (a) to w hat extent w ater loss sets limits to survival, (b) to w hat extent adverse effects of exposure to a given tem perature depend upon duration of exposure. In defining an upper therm al death-point sensu stricto it is therefore first necessary to carry out all tests under conditions which exclude death by desiccation, as is possible if the air is fully saturated. I t is also necessary to study m ortality rates over a wide range of tem perature for various durations of exposure.
In fact, it was not possible to realize the second condition in preliminary experi ments w ith Arion ater because the m ortality rate of the species under ordinary laboratory conditions was high, and stocks procurable a t the present time were insufficient to perm it us to carry out enough experiments to check the significance of fatalities in exposure of prolonged duration. All th a t we can say for certain is th a t A . ater will survive and remain active for a t least an hour a t a body tern-p eratu re of 31° C. In fully satu rate d air H elix will live an d rem ain active for a t least an hour a t a tem p eratu re of a t least 43° C. This is more th a n 10° C above th e tem p eratu re w hich induces h e a t tra u m a of frogs ( temporaria) fully im m ersed in w ater. I t is a b o u t 10° C above th e tem p eratu re a t which fully im m ersed frogs of th e same species exposed for th e same length of tim e die. H elix aspersa seems to be som ew hat less resistan t th a n H . pom atia b u t will rem ain active for an hour in fully satu rate d air a t 40° C. A tem p eratu re of 44° C in fully satu rate d air proved to be fa ta l for H . pom atia in less th a n an hour. A t a tem p eratu re of 35° C b o th H . pom atia an d H . aspersa m ay rem ain active for several days.
I t is th u s clear th a t these snails are decidedly m ore resistan t to ex tern al h e at th a n n ative frogs of th e sam e locality, an d in view of th e considerations set fo rth in § 1 above, this m ay well prove to be tru e of P u lm o n ata and A m phibia in general. W h a t is know n ab out th e stru c tu ra l and ecological relationships of P u lm o n ata is consistent w ith th e view th a t molluscs invaded land b y w ay of th e litto ral zone. On th e o ther hand, evidence of th e sam e sort, supplem ented by independent sources of inform ation from th e fossil record, ju stify th e confident belief th a t A m phibia invaded th e land from fresh w ater.
F o r reasons sta te d in th e introduction we have p aid p articu lar a tte n tio n to th e th erm al death-point of th e earthw orm Lum bricus terrestris. R epresentative results of a series of tests in satu rate d air a t th e tem peratures s ta te d for 12 hr. appear in tab le 1. T hey show th a t earthw orm s survive for 12 hr. a t a tem p eratu re of 28° C an d die w ithin 12 hr. in satu rate d air a t 30° C. F o r a 12 hr. period we m ay place th e th erm al death-point a t 29*0 + 0*5° C. E arthw orm s of this species survive a t least 1 hr. w hen com pletely im m ersed in w ater a t 2° C, and have been k e p t alive in m elting ice for more th a n 12 hr. I n th e fight of previous w ork on A m phibia an d on insects, an y a tte m p t to eluci d ate th e relation of body tem perature to th a t of th e ex tern al m edium of a terres tria l anim al m u st explore concom itant variations a t different levels of relative hum idity. W ith th is end in view we have used an experim ental cham ber essentially like one described in a previous paper (Hogben & K irk 1943) .
L. Hogben and R. L. Kirk
The cham ber C (figure 1) accom m odates four th erm al junctions of th e ty p e supplied for skin tem perature m easurem ents by th e Cambridge In stru m e n t Company. Two of these serve for measurements of body tem perature, so th a t all experiments involve simultaneous records of a pair of animals. One therm al junction records air tem perature checked by a mercury thermometer, the other records the wet-bulb tem perature. Insertion of the skin therm o junction in the foot musculature of either a slug or snail evokes a transient contracture after which the animals extend the body quite normally. The function of the calcium chloride in the experiment chamber C is merely to absorb the moisture evaporated from the surface of the animal and the wet-bulb thermocouple ( I P ) . The introduction of H 2S 0 4:H 20 m ixtures of the appropriate strength in chamber V, through which the air circulates constantly from and to C, makes it possible td> m aintain the relative hum idity of the air surrounding the animal in Ca t a fairly constant prescribed level, as indicated by the wet-bulb reading. The rate a t which the air circulates is sufficient to ensure th a t the therm o couple recording of the wet-bulb tem perature accords w ith its equilibrium value a t the appropriate dry-bulb tem perature and r .h . Hence it is not necessary to use a hygrometer of a different type.
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A r io n a t e r
We have investigated variations of body tem perature of Arion ater over roughly the whole range of external tem perature coinciding w ith the limits of survival of this species in saturated air a t hum idity levels between 17 and 97 %. Table 2 summarizes results, and figure 2 illustrates a typical experiment a t r .h . 24 %. The former records equilibrium values. The graph indicates th a t the air tem perature reaches a fairly steady level about 10 min. after closing the experim ental chamber a t the beginning of an experiment. By th a t time the body tem perature of the slug is also steady, slightly above th a t of the wet bulb.
Tests made on the microclimate of the chamber C by varying the positions of the therm al junctions indicate th a t we should attach little significance to the slight discrepancy between the wet bulb and the animal. A t an external tem perature of 33° C and r.h . 25 %, the tem perature of the body itself is more th a n 10° C below the air tem perature and below its own therm al death-point. Presum ably a slug can m aintain a much wider gap between body tem perature and external tem perature in drier and warmer surroundings. By the same token, it is adapted to live a t external tem peratures far above the upper therm al death-point of its tissues when the air is not very humid, if it also has access to w ater to compensate loss of the latter by evaporation from the surface of thd body. Thus the picture which emerges from these observations is different from w hat was current teaching about tem perature relations of so-called poikilothermal animals, until quite recently. Indeed, the vernacular epithet 'cold-blooded' is more descriptive. For a t no level of tem perature and r .h . w ithin the scope of this investigation does the effect of bodily heat overcompensate for the cooling effect of evaporation, which prevents the tem perature of the body from rising to th a t of the medium unless the air is fully saturated. In short, a slug behaves as a well-nigh perfect wet-bulb therm om eter, a statem ent which the investigations of Mellanby (1941) and the present writers (1943) have shown to be equally tru e of the frog.
L. Hogben and R. L. Kirk
Between the two animals, the only difference here worthy of comment is that the body temperature of the slug equilibrates to its surroundings more rapidly than that of the frog. This would be expected because of its smaller size. Table 3 summarizes representative experiments of the same type carried out on Helix pomatia. They yielded much less uniform results th a n those recorded above. During these experiments some snails rem ained extended throughout. Others withdrew into the shell. In some we kept a record of the behaviour of the animal. I t was then noticeable th a t the discrepancy between the wet-bulb reading and th a t of the body of the anim al was greatest when the la tter withdrew into the shell. This suggested the possibility th a t the snail can effectively reduce its w ater loss in conditions of low r .h. or high tem perature by the protection which the microclimate of the shell itself affords. To test this possibility we carried out th e experiments set forth in table 4. For each experiment of this series, one member of the pair in the chamber G had the shell removed immediately before insertion of the thermocouple in the foot. The other corresponding member of each of three pairs remained withdrawn w ithin its shell. For comparison, we have recorded observations on one pair of which the snail not deprived of its shell did not completely withdraw into it. Taken in conjunction w ith the observations made in the experiments of the type recorded in table 2, the results lead to the conclusion th a t a snail behaves like a slug, i.e. like a wet-bulb thermometer, when fully extended or deprived of its shell; b u t the body tem perature of a snail fully withdrawn into its shell, though appreciably'below th a t of the external air tem perature, is far above th a t of the wet bulb. A necessary qualification to the first statem ent is th a t the tem perature of shell-less and ex tended snails in all our experiments was appreciably, if only slightly, higher th an th a t of the wet bulb. This discrepancy was too consistent to be insignificant. In short, the snail appears to be a less efficient wet-bulb therm om eter th a n a slug.
. H e l i x p o m a t i a
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W hat is more im portant in term s of survival value is th a t the snail has a choice which the slug has not. Unless the air is perfectly saturated, both can protect themselves from overheating by evaporation, b u t this cannot continue indefinitely w ithout access to water. The slug has no alternative and is compelled to lose w ater by evaporation from the surface of the body when the external tem perature does not exceed the limit consistent w ith survival, th a t is to say in circumstances which confer no advantage to offset the depletion of its w ater reserve. The snail, on the other hand, is free to protect itself against the danger of overheating when it gets into excessively warm, if not too humid, surroundings, b u t can also lim it the rate of deple tion of its w ater reserves by withdrawing into its shell. By doing so it decreases danger of death by desiccation. This conclusion accords well w ith observations of Howes & Wells (1934) . They found th a t the w ater content of both slugs and snails fluctuates between wide limits, and th a t slugs which received food w ithout w ater lose weight and die w ith exceptional rapidity. They conclude (p. 349): ' R apid w ater loss seems to be a necessary condition of active life in terrestrial gastropods. This results in p a rt from their moist permeable skin and in p a rt from their m ethod of locomotion which depends on the continuous secretion of copious w atery slime.'
The differences in figures 2 and 3 prom pt us to ask how a hibernating snail behaves when an epiphragm occludes the orifice of the shell. Difficulties of ob taining supplies prevented extensive experiments to answer this, b u t one experi m ent carried out in early Jan u ary leaves little room for doubt. The snail had a th in hyaline epiphragm, covered w ith a calcareous deposit. The insertion of the thermocouple was through a small hole bored in the top of the shell. A t r .h . 49 % the body tem perature of the snail remained during the course of an hour's test w ithin 0-1° C of the external tem perature (13*1° C), the wet-bulb reading being 8-1° C.
6. W a t e r -b i n d i n g p r o p e r t i e s o f t h e m u c u s 1 W ith reference to indications gained about the relative efficiency of the slug as a wet bulb, it is relevant to bear in mind th a t the slug secretes slime more copiously th a n the snail, and to th a t extent is subject to greater to tal w ater loss. W hat this entails in term s of cooling effect is not necessarily obvious in the absence of avail able information about the water-binding power of mucus.
The mucus of slugs and snails is a galactan associated w ith about 5 % protein,* probably identical w ith the galactogen extracted from the albumen glands of snails by Baldwin & Bell (1938) . We have not been able to find any recorded in formation about its power to absorb water, or otherwise, in relatively moist air. Accordingly, we have carried out experiments by means of a modified torsion balance to ascertain the change of weight which a drop of slug slime (about 5-0 mg.) undergoes in a chamber, through the aperture of which it is possible to circulate air of known r .h . Figures 4 and 5 summarize observations relevant to the issue stated above. To get the slime the procedure was to scrape the ventral surface of the foot lightly w ith the flat surface of a dissecting needle. The slime was suspended from a loop a t the end o f a glass thread, enclosed below in a small washing flask of about 10 c.c. capacity and attached above to the bending beam of the microbalance. To control the r.h . of the air in the chamber a small pump blew air through a series of wash bottles containing appropriate H 20 : H 2S 0 4 mixtures. By means of suitably adjusted taps it was possible to replace w ith little delay air equilibrated by bubbling through one set of m ixtures by air equilibrated by bubbling through another set. In completely dry air desiccation is relatively rapid. For instance, a sample of slime weighing 5-4 mg. loses about 90 % of its weight in 3 | hr. a t room tem perature (c. 17° C). The same sample (figure 4), subsequently exposed to completely saturated air after 90 % desiccation, regains only 74 % of its original weight during 70 hr. Desiccation proceeds more or less slowly below about 90 % a t the same tem perature. Thus a sample of slime (figure 5) which originally weighed 4-3 mg. lost 77 % of its weight in 8 | hr. a t an r .h. of 87 % and about 5 % more during the next 12 hr. The same sample subsequently took up w ater in an atmosphere of r .h. 97 % equilibrating slowly a t a level about 40 % of its original weight.
TIME IN HOURS
These experiments show th a t the slime of the slug does not retain w ater a t the tem perature stated, unless the hum idity of the air is very near saturation point. I t is safe to conclude th a t the relatively copious secretion of slime therefore con tributes not only to the total w ater loss b u t in most circumstances to the cooling effect arising from evaporation.
B o d y t e m p e r a t u r e o f e a r t h w o r m s i n m o i s t a n d d r y a i r
Records of the body tem perature of earthworms exposed to different air tem peratures a t different hum idity levels appear in table 5, and figures 6 and 7 show typical experiments respectively carried out in fairly moist and fairly dry air a t a tem perature well above the upper therm al death-point as defined in §2. W hen the air is comparatively moist the body-tem perature readings approxim ate fairly closely to those of the wet bulb during the first few minutes, and m ay remain a t a level not exceeding 2° C above th a t of the wet bulb for an hour when the latter is 7° C below th a t of the air tem perature. In relatively dry air (r.h. 18 %) the discrepancy may be as much as 5° C after exposure of only 15 min. a t an external tem perature of about 34° C, and it increases thereafter. 2-7 67 3-0 2-9 2-9 2-9 4-5 0-1 37 1-4 1-6 1-6 1-7
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Two explanations of the discrepancy suggest themselves. One is th a t the skin of th e earthworm is not so readily permeable to w ater as th a t of the slug or the frog, either of which conforms more closely to the behaviour of the wet-bulb therm om eter. The other is th a t on account of its dimensions alone, or because the skin is in fact more readily permeable th a n th a t of a slug or of a frog, the integum ent of the earthworm dries up rapidly. The second explanation implies th a t a fairly high degree of desiccation is possible in comparatively moist air during a period as short as a quarter of an hour. Accordingly we have carried out experiments to test the rate of desiccation of earthworm s a t different tem perature and hum idity levels. Figure 8 shows th a t the fall of body weight of an earthworm in very dry arid, slowly circulating air (r.h. < 5 %) a t 18° C is about 30 % a t the end of 2 hr. I t is clear th a t the skin of the earthworm is highly permeable to w ater and th a t earthworms are not equipped to live in situations which expose them to air tem perature a t ground level in full sunlight except when the surface of the soil is very moist. Indeed, some of the animals had apparently died of desiccation before the end of the period of the experiments recorded in table 5. 
Discussion
The first p a rt of this investigation, based on two widely divergent types of terrestrial gastropods, probably gives a representative picture of the tem perature relations of the body and its environment characteristic of the group. To the extent th a t this may be assumed, it m ay therefore be said th a t the most successful terrestrial representatives of the molluscan phylum have merely attained a level of adjustm ent to such tem perature variations as are incident to life on land com parable w ith th a t of Amphibia w ithin the vertebrate stock. T h at is to say, Mollusca cannot be ranked among those phyla, namely, vertebrates and arthropods, which have solved the problem of adaptation to a wide range of terrestrial habitats. Unless the air is very moist, copious secretion of slime and w ater permeability of the skin ensure the maintenance of a body tem perature far below th a t of the external atmosphere when the tem perature of the la tte r is well above the therm al death-point. The upper therm al death-point of the snail is considerably above th a t of a typical marine animal, as indeed m ight be expected of the terrestrial members of a group so characteristically littoral as the gastropods; b u t the therm al deathpoint of both the species here investigated is far below w hat m ust be presumed to be the limiting survival temperature of reptiles that bask in the sun. Thus the pulmonate gastropods, like the Anura, can protect themselves against the otherwise lethal effects of exposure to direct solar radiation only by continuous depletion of water reserves. They are hence limited either to a nocturnal habit which permits them to avail themselves of dew, or to a cryptozoic mode of life which shelters them from the direct heat of the sun in a microclimate with a relatively high water content.
The shell-less forms cannot control this loss of water in circumstances when loss of water is not necessary to maintain body temperature below the lethal lim it, The presence of a shell carries with it a great advantage from this point of view. By withdrawing into the shell the gastropod can greatly reduce its loss of water by evaporation at times when Such loss would be of no benefit to it. I t would therefore be expected that the loss of the shell would diminish the chances of survival, except in relatively moist and relatively cool habitats. In so far as the number of species or genera of a given category is a rough and ready index of success, it might therefore be anticipated that the number of species of shelled snails would far exceed the number of species of shell-less forms. This accords with the following figures of genera placed in the Stylommatophora, as listed in Thiele's Handbuch: The relation of the body temperature of the earthworm at different temperature and humidity levels to that of the air tallies with what one might well be tempted to surmise about the evolution of the group. The thermal death-point is relatively low for a terrestrial animal, lower than that of the frog or snail, and ability to maintain a body temperature well below that of the surrounding air when the r.h . is low is much more restricted. This is probably due to rapid surface desicca tion which reduces the supply of surface moisture available for cooling the skin. Thus the earthworm is not equipped to emerge from its burrows except when the surface of the soil is exceptionally cool and moist. This is in keeping with the supposition that the immediate ancestors of oligochaetes were already burrowing animals when they penetrated inland from the littoral zone, from the banks of estuaries or from river swamps.
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